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0 Method and apparatus for passively gamma scanning a nuclear fuel rod. 



0 A method and apparatus (10) for passively scan- 
ning for the gamma radiation emission count of 
nuclear fuel contained within a nuclear fuel rod (12) 
to determine enrichment uniformity are enclosed, 
and wherein a nuclear fuel rod (12) containing nu- 
clear fuel is advanced along a linear path of travel 
and its natural gamma radiation emission count is 
repeatedly detected at each of a plurality of regularly 
spaced apart discrete segments along the length of 
the rod (12). The outputs from each of the detecting 
steps are summed to obtain a total gamma radiaton 
^ count for each segment from which the enrichment 
Rvalues for each segment as well as the average 
.-^enrichment of said fuel rod (12) may be calculated. 
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METHOD AND APPARATUS FOR PASSIVELY GAMMA SCANNING A NUCLEAR FUEL ROD 



This invention relates to passively scanning the 
gamma radiation emission count of nuclear fuel 
contained within a fuel rod to determine enrichment 
levels and uniformity throughout the fuel rod. 

Nuclear energy has become an important 
source and supply of energy for many countries 
throughout the world. The nuclear fuel elements 
used in the generation of energy usually are com- 
posed of a multiplicity of nuclear fuel rods encased 
within a central reactor core. The nuclear fuels 
used are typically composed of smalt pellets of 
uranium or some other fissionable isotope such as 
Plutonium encased within a long tubular housing 
commonly known as the fuel rod. Even though a 
number of pellets are contained within each fuel 
rod, each pellet must have a proper percentage of 
fissionable isotope (enrichment) as compared with 
other pellets. ^ 

Natural uranium has an enrichment factor of 
approximately 0.71% which corresponds to the 
percentage of the highly fissionable uranium-235 
(U23*) Isotope. After processing to enrich the U^a* 
isotope content, the uranium content typically has a 
1)23' enrichment factor ranging from one to five 
percent and is commonly a uranium dioxide (UO3) 
powder derived from gaseous uranium hexafiouride 
(UFt). The powder is pelletized for placement within 
the fuel rods and the fuel rods scanned to assure 
that ail pellets are of a uniform enrichment. The 
scanning operation is important since a non-homo- 
genous fuel rod having varying enrichments 
throughout or a deviant average enrichment varying 
from an established norm could create severe vari* 
ations in fuel burn-up or heating while a reactor is 
in operation.. 

Two methods have been previously employed 
to scan a nuclear fuel contained within a fuel rod 
for variations in enrichment along the rod (i.e.. 
enrichment uniformity); either a passive or an ac- 
tive system has been used: A passive system 
detects the natural radiation of the nuclear fuel 
.while an active system induces an additional radi- 
ation in the nuclear fuel above that amount radiated 
naturally and detects that additional radioactivity. 
Of these two systems, the most efficient and com- 
monly used method previously employed has been 
the active system. In an active system, a primary 
radiation consisting of neutrons from a source such 
as Califomlum-252 bombards the nuclear fuel with- 
in a fuel rod inducing a secondary radiation of 
gamma emissions and prompt or delayed fast neu- 
trons. This secondary radiation is then counted to 
determine fuel content and enrichment. 

Even though these active systems have proven 
feasible in the past for scanning ordinary fuel rods 



containing nuclear fuels, difficulties often arise 
when scanning recently manufactured nuclear fu- 
els. Manufacturers fyawe begun to add thermal neu- 
tron absorbing materials (burnable poisons) to the 

s nuclear fuels encased within a fuel rod which 
makes scanning such a rod by the common active 
system impracticable since an ambiguity exists be* 
tween the primary radiation absorption of the bum- 
able poison and the effects of the fuel enrichment. 

10 These burnable poisons, such as Gadolinium. 
Europium and Boron, are added to the nuclear fuel 
to reduce reactivity variations during the fuel burn- 
up in nuclear reactors. The loss of reactivity 
through the depletion of the nuclear fuel is partially 

75 compensated through the destruction of the bum- 
able poison by neutron absorption during reactor 
operation. 

Since the more commonly used active system 
is limited in its accuracy by the burnable poison 

20 content within a nuclear fuel, a passive system is 
the other alternative which can be used for scan- 
ning a nuclear fuel having with it associated bum- 
able poisons. A passive system detects the radi- 
ation caused by the natural decay of the nuclear 

25 fuel. For example, the 185 KeV (thousand electron 
volts) gamma radiation emitted by U^^* may be 
detected in order to determine the enrichment fac- 
tor of a nuclear fuel using U^s* as the fissionable 
isotope. The amount of burnable poison associated 

30 with the nuclear fuel has no bearing upon the 
natural gamma radiation emitted by the fuel. Un- 
fortunately, prior attempts to use passive systems 
for determining enrichment values have been limit- 
ed since a gamma radiation detector or scintillator 

35 of the type commonly used is not able to reliably 
• detect the very low natural radiation emissions 
which are associated with conventional fuel rods, 
and thus the error rate was relatively high. Not only 
were the prior passive systems limited by this 

40 relatively high error rate, but other limitations hin- 
dered the passive system, such as interference 
from other gamma radiation energies. Many detec- 
tors have an unacceptable poor resolution making 
the differentiation between the various spectral en- 

45 ergy lines difficult. For example, in a nuclear fuel 
with a high U^s' content, the higher energy gamma 
radiation from the U23* daughter, Protactinium-234. 
is great enough to interfere with the resolution of a 
detector. 

so Therefore, it is the principal object of the 
present invention to provide a method of and an 
apparatus for passively scanning the gamma radi- 
ation emission count of nuclear fuel contained with- 
in a fuel rod to determine enrichment uniformity, 
which enable reliable detection of natural radiation 
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• emissions from nuclear fuel. 

The invention accordingly resides in a method 
of an apparatus for passively scanning the gamma 
radiation emission count of nuclear fuel contained 
within a fuel .rod to determine enrichment uniform* 
ity, wherein a fuel rod is advanced along a linear 
path of travel, and the natural gamma radiation 
emission count at each of a plurality of regularly 
spaced-apart discrete segments along the length of 
the rod is repeatedly detected at a predetermined 
energy level as the fuel rod advances along its 
linear path of travel. The outputs for each of the 
detecting steps from each segment are summed to 
obtain a total gamma radiation count for each seg* 
ment. In accordance with the present invention, the 
possibility of error is minimized, since the error 
potential decreases for each detector added, and 
the error potential of the system is Inversely pro- 
portional to the total number of counts obtained. 
Each fuel rod is also preferably monitored to detect 
deviations from specific enrichment value and/or 
for deviations in the enrichment values of adjacent 
segments of said fuel rod greater than a predeter- 
mined percentage. 

' During operation, fuel rods are stored on a feed 
table. From the feed table, the fuel rods are se- 
quentially transferred onto a rod advancing means 
and advanced while its gamma radiation emissions 
are counted. The total count obtained from each 
segment is utilized to calculate the enrichment 
value for each segment and the average enrich- 
ment value for the fuel rod. After scanning, the fuel 
rods are transferred onto an unloading table from 
the rod advancing means. 

This invention will become more readily appar- 
ent from the following description of a preferred 
embodiment thereof shown, by way of example 
only, in the accompanying drawings, wherein: 

Figure 1 is a perspective view of a preferred 
embodiment of the apparatus of the present inven- 
tion, which includes two parallel and substantially 
duplicate components. 

Figure 1A is a schematic diagram of the 
apparatus. . 

Rgure 2 is an enlarged end view of the 
apparatus showing the feed table, rod transfening 
means, and the rod advancing means. 

Figure 3 is an enlarged sectional taken sub- 
stantially along line 3-3 of Rgure 1 showing the 
unloading table, rod transferring means, and the 
rod advancing means. 

Figure 4 is an enlarged view of the rod 
transferring means, illustrating a cam turned so as 
to transfer a fuel rod from the cam to the rod 
advancing means. 

Figure 5 is an enlarged view similar to Fig- 
ure 4 illustrating a cam turned so as to transfer a 
fuel rod from the feed table to the cam. 



Rgure 6 is an enlarged view similar to Rg- 
ures 4 and 5 illustrating a fuel rod rolling down the 
straight chordal portion of a cam into a position 
where the fu 1 rod may be placed onto the rod 
5 advancing means. 

Rgure 7 is a view taken along arrow 7 of 
Figure 4 showing the rod transferring means and a 
fuel rod positioned on the rod advancing means. 
Rgure 8 is an enlarged view of the rod 
TO transferring means and illustrating a cam tumed so 
as to transfer a fuel rod from the rod advancing 
means to the cam. 

Figure 9 is an enlarged view similar to Rg- 
ure 7 illustrating the fuel rod rolling down the 
75 straight chordal portion of the cam to be placed 
into a position for transfer to the unloading table. 

Rgure 10 is a view similar to Rgures 7 and 
8 illustrating a fuel rod rolling down the unloading 
table after having been transferred to the unloading 
20 table from the cam. 

Rgure 11 is a view illustrating a sensor used 
to assist in the rod transfening process. 

Rgure 12 is a partially sectioned front eleva- 
tion view of the apparatus showing the detectors 
25 positioned inside the radiation shield as well as a 
fuel rod advancing along the rod transport means 
and through the detectors. 

Rgure 13 is a perspective view of the detec- 
tors illustrating their geometric configuration and a 
30 fuel rod as it is advanced through the detectors. 

Rgure 14 is a sectional view taken substan- 
tially along line 14-14 of Rgure 13 showing tubular 
sleeve segments intemal to the detectors which are 
used for collimating the gamma radiation to the 
35 detectors. 



DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

40 

Refening now to the drawings, there is shown 
in Rgure 1 an apparatus designated generally at 10 
for passively scanning the gamma radiation emis- 
sion count of nuclear fuel so as to determine its 

46 enrichment uniformity. The apparatus 10 comprises 
an upper system lOa, and a substantially identical 
lower system 10b. for permitting a pair of fuel rods 
12a and 12b to be scanned at one time. The 
apparatus 10 includes means for advancing a pair 

50 of fuel rods 12a and 12b along a linear path of 
travel and means 13 positioned along the path of 
travel for repeatedly scanning and detecting in 
shifted, timed intervals the 185 KeV natural gamma 
radiation emission count at each of a plurality of 

55 regularly spaced apart discrete segm nts along the 
length of the fuel rods 12a and I2b, as th fuel 
rods 12a and t2b are advanced. The apparatus 10 
further includes control means 14 comprising es- 
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sentially counting electronics and a computer for 
recording and summing the gamma radiation emis- 
sion count obtained in shifted, timed inten/als for 
each segment of the fuel rods 12a and I2b, and, 
from that total count obtained in each segment, 
calculating the enrichment values for each segment 
and the average enrichment of the fuel rods 12a 
and 12b. Based upon these values, a fuel rod 12a 
or 12b will be acceptable or unacceptable for its 
intended end use. Each fuel rod 12a and I2b is 
approximately three and two-thirds meters (twelve 
feet) long and one and one-quarter centimeter 
(one-half inch) in diameter and contains a plurality 
of one and one-quarter centimeter (one-half inch) 
long Boron coated (ZrBr,) uranium dioxide (UOj) 
pellets. 

Included with the apparatus are a feed table 20 
for storing fuel rods 12a prior to scanning, rod 
advancing means 21 for advancing a fuel rod 12a 
along a linear path of travel and through the detects 
ing means 13. and an unloading table 22 for storing 
the fuel rods 12a after they have been scanned. 
The detecting means 13 is positioned between the 
feed table 20 and the unloading table 22. A rod 
transferring means 23 assures the stable transfer of 
a fuel rod 12a from the feed table 20 onto the rod 
advancing means 21 and assures the stable trans- 
fer of a fuel rod I2a from the rod advancing means 
21 onto the unloading table 22. Mechanical controls 
24 regulate the loading, feeding and unloading of 
the fuel rods 12a (Figures 1-3). 

Figure 1A illustrates the apparatus 10 in flow 
chart methodology. Fuel rods 12 are supplied on 
the feed table 20 and transferred to the rod advan- 
cing means 21. The fuel rod 12 is advanced and its 
gamma radiation emission count detected at each 
of a plurality of regularly spaced apart discrete 
segments of the fuel rod 12. The control means 14 
calculates the enrichment value for each segment 
and the average enrichment of the entire fuel rod 
12. If the average enrichment of the fuel rod 12 
deviates from a specified enrichment or if the en- 
richment values of adjacent segments of the fuel 
rod 12 deviate greater than a specified percentage, 
then the fuel rod 12 is unacceptable for its in- 
tended end use and transferred onto the unloading 
table 22 at a position varying from the position 
where the acceptable fuel rods 12 are transferred. 

Referring specifically to Rgures 1 and 2. the 
feed table 20 has longitudinally spaced apart op- 
posite ends and laterally spaced apart opposite 
sides and is fabricated from a series of angled and 
parallel nylon rails 25 which angle downward in a 
direction toward the rod transferring means 23. 
Fuel rods 12 placed onto th rear of th feed table 
20 gently roll to a most forward portion and are 
stopped by an abutment means 26 so as to retain 
the fuel rods 12 in a side-by-side arrangement 



along the forward portion of the feed table 20: An 
operator uses a manually held bar code reader 30 
of conventional design to examine each fuel rod 12 
which is stored on the feed table 20 for an identify- 

5 ing characteristic unique to each individual fuel rod 
12. This information is relayed to the control means 
14 where it is stored. Thus" an accurate record is 
maintained concerning the identity of each fuel rod 
12 which has been scanned. 

10 Fuel rods 12 are transferred one at a time from 
the feed table 20 to the rod advancing means 21 
by the rod transferring means 23. The rod transfer- 
ring means 23 includes a plurality of longitudinally 
spaced apart nylon cams 31 fixedly mounted to a 

75 central longitudinally extending support rod 32 
which is positioned adjacent one side edge of said 
feed table 20 and said rod advancing means 21. 
Each cam 31 has a* disc-like member having a 
periphery which includes a circular portion 34 and 

20 a straight chorda! portion 35 and a raised lip 36 
positioned at each juncture of the chorda! portion 
35 and the circular portion 34 (Figures 4-6). Each 
cam 31 is arranged so that the chorda! portions 35 
are aligned when viewed axially. The support rod 

35 32 assures that all the cams 31 move together in 
the same arc when the cams 31 are partially rotat- 
ed In a semicircular arc between the feed table 20 
and the rod advancing means 21. Means 37 for 
rotating the support rod 32 so that the cams collec- 

30 tively move in a semicircular arc include a split 
pneumatic cylinder 38 having upper and lower 
halves 38a and 38b with corresponding pistons 40a 
and 40b with the uppermost piston 40a connected 
to cam arm 41. 

35 To load a fuel rod 12 from the feed table 20 to 
the rod advancing means 21. the pistons 40a and 
40b are extended to their farthest position in the 
pneumatic cylinder 38 by injecting air through fit- 
tings 42a and 42b. The piston 40a pushes the cam 

40 arm 41 and rotates the support rod 32 which turns 
the cams 31 so that the chorda! portions 35 of the 
cams 31 are angled downward with the most for- 
ward point of the chorda! portions 35 at a higher 
position (Rgure 5). When the cams 31 are in this 

46 first position, the fuel rods 12 are free to roll a few 
' more centimeters (inches) down the feed table 20 
to the abutment means 26. Air is injected through 
the fitting 42c to retract the lower piston 40b. The 
lower piston 40b retracts and the cams 31 begin to 

50 rotate in the opposite direction decreasing the neg- 
ative angle of the chorda! portions 35 so that they 
reach a substantially horizontal point. The cams 31 
are placed and designed so that when the cams 31 
reach their most horizontal position, the most rear- 

55 ward raised lips 36 of the cams 31 contact an area 
disposed between the forward-most fuel rod 12 on 
the feed table 20 and its most adjacent fuel rod 12. 
The raised lips 36 separate th two fon^^ard-most 
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f. .fuel rods 12 positioned on the feed table 20 and 
the cams 31 lift the forward-most fuel rod 12 posi- 
tioned on the feed table 20. As the piston 40b is 
further retracted, the cams 31 again rotate angling 
the chorda! portions 35 of the cams 31 downward 
in a fonward direction. The fuel rod 12 rolls down 
the chorda! portion 35 of the cams 31 and stops 
upon engaging the lips 36 at the forward-most 
portion of the cams 31 (Figure 6). Air is injected 
through the fitting 42d and the uppermost piston 
40a retracts and the cams 31 rotate a few more 
degrees which lowers the fuel rod 12 to a second 
position directly over the rod advancing means 21 . 
When the piston 40a has retracted to its most 
withdrawn second position, the fuel rod 12 has 
been lowered onto the rod advancing means 21 
(Figures 4 and 7). 

The rod advancing means 21 is positioned 
adjacent one side of the feed table 20 and includes 
a series of linearly aligned and grooved rollers 44 
adapted to receive a fuel rod 12 and advance the 
fuel rod 12 along a linear path of travel. As best 
seen in Rgure 12. the rod advancing means 21 
also includes a positive feed system designated 
generally as 45 comprising a rod feed motor 46, 
drive shafts 47. and bevel gear differentials 50. 
Both the upper and lower systems 10a and 10b are 
operated from this single rod feed motor 46 by 
coupling each of the grooved rollers 44 to the 
motor driven driveshafts 47. Through the driveshaft 
47 and gear differential 50 system, each grooved 
roller 44 is driven at a unitary speed so as to 
assure that a fuel rod 12 is advanced along a linear 
path of travel at a constant velocity through the 
detecting means 13. When the fuel rod 12 has 
advanced beyond the feed table 20 and through 
the detecting means 13. the pistons 40a and 40b 
extend again to their farthest position to begin 
again the process of loading another fuel rod 12. 
Sensors 51 and timer control means 52 assure the 
continued operation and stable transfer of the fuel 
rods 12 from the feed table 20 onto the rod advan- 
cing means 21 (Figures 4-6). 

During the transfer of. a fuel rod 12 from the 
feed table 20 to the rod advancing means 21. one 
■ end of the fuel rod 12 may not properly roil across 
the straight chorda! portion 35 of the cam 31. As 
best seen in Figures 1 and 1 1 , the sensors 51 are 
in spaced apart relation and adjacent the rod ad- 
vancing means 21. The sensors 51 will detect that 
one end of the fuel rod 12 has not transfen-ed 
property and will generate a signal to the mechani- 
cal controls 24 which activates the pneumatic cyl- 
ind r 38 by a signal m ans (not shown) stopping 
the cam 31 rotation. If the sensors 51 detect that 
the fuel rod 12 has not rolled to a horizontal posi- 
tion, then a signal is again generated to revers the 
cam 31 direction so as to bring the fuel rod 12 



back to an initial starting point before transfer when 
it was in a substantially straight and horizontal 
position. When the sensors 51 detect that the fuel 
rod 12 is no longer askew, a signal is generated to 

5 begin again the transfer (Figures 4-6). The timing 
means 52 incorporated with the mechanica! con- 
trols 24 maintains a proper speed and timing of the 
cam 31 rotation so as to assure that a gradual and 
stable transfer of the fuel rod 12 occurs with mini- 

10 mal difficulty, 

' After a fuel rod 12 has been scanned, the fuel 
'od 12 must be transfen-ed from the rod advancing 
means 21 to an unloading table 22 which is posi- 
tioned in longitudinal alignment with said feed table 

75 20 and has a sIde-to-side inclination opposite that 
of the feed table 20 (Figure 3). As seen in Figures 
8-10. the unloading operation is almost identical to 
the loading operation except that the cams 31 
accept a fuel rod 12 from the rod advancing means 

20 21 and transfer it to the unloading table 22. Also, 
as in the loading operation, the cams 31 are con- 
nected by a central support rod 32 and are rotated 
in a semi-circular arc by the means of a split 
pneumatic cylinder 38. also having upper and lower 

25 halves 3da and 38b. pistons 40a and 40b and cam 
arm 41. During the initial unloading operation, the 
pistons 40a and 40b are in their most retracted first 
position and have rotated the cams 31 placing the 
forward-most raised lip 36 of the straight chordal 

30 portion 35 at a point below the grooved rollers 44 
of the rod advancing means 21. When the upper- 
most piston 40a extends, the cams 31 rotate and 
pick up the fuel rod 12 from the grooved rollers 44. 
As the cams 31 rotate, the fuel rod 12 rolls down 

35 the straight chordal portions 35 and stops at the 
rearmost raised lip 36. When the pistons 40a and 
40b have fully extended to a second position, the 
cams 31 have rotated so that the rear-most raised 
lip 36 is situated below the unloading table 22 with 

40 the result that the fuel rod 12 has t>een transferred 
onto the unloading table 22. Because the unloading 
table 22 is constructed substantially similar to the 
feed table 20 but is inclined downwardly from the 
front to the rear as opposed to the inclination of the 

45 feed table 20 from rear to the front, transferred fuel 
rods 12 gently roll down the unloading table 22 to a 
position at its rear. As in the loading operation 
sensors 51 and timing control means 52 are used 
to assure the continued operation and stable trans- 

50 fer of the fuel rods 12 from the rod advancing 
means 21 onto the unloading table 22. 

If a fuel rod 12 has not been accepted because 
the enrichment value of the fuel rod 12 deviates 
from a specified nrichment value and/or the n- 

55 richment value of adjacent segments of the fuel rod 
12 d viate greater than a predetermined p rcent- 
age, then th unacceptabi fuel rods 12 are trans- 
ferred onto the unloading table 22 at a point vary- 
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ing in position from where the acceptable fuel rods 
12 are transferred (Figure 1). Sensors 53a and 53b 
are positioned about 61 centimeters (2 feet) apart 
on the downstream' end of the rod advancing 
means 21 (Figure 12). Each of the sensors 53a or 
53b can signal the mechanical controls 24 to trans- 
fer a scanned fuel rod 12 onto the unloading table 
22. The first sensor 53a is positioned approxi- 
mately 3.66 meters (12 feet) from the detecting 
means 13. When the control means 14 determines 
that a fuel rod 12 is acceptable, the first sensor 53a 
is activated so that as the advancing acceptable 
fuel rod 12 reaches the first sensor 53a, the first 
sensor 53a will signal the mechanical controls 24 to 
transfer the acceptable fuel rod 12 onto the un- 
loading table 22. If the control means 14 deter- 
mines that a fuel rod 12 is unacceptable, the sec- 
ond sensor 53b is activated so that as the advan- 
cing unacceptable fuel rod 12 reaches the second 
sensor 53b, the second sensor 53b will signal the 
mechanical controls 24 to transfer the unacceptable 
fuel rod 12 onto the unloading table 22. This pro- 
cess repeats itself for each fuel rod 12 while the 
mechanical controls 24 assure the proper timing 
and speed of the various operations in accordance 
with the desired specifications of the apparatus 10. 

The detector means 13 includes a detector 
assembly 54 for mounting ten Nal scintillators 
(detectors) 55 in a linear side-by-side arrangement. 
The detectors 55 include a housing 56 and a hole 
57 of approximately 2.5 centimeter (one inch) di- 
ameter for admitting the fuel rod 12 so that the fuel 
rod 12 passes through the hole 57 in the housing 
centers 56. Means for detecting the 185 KeV gam- 
ma radiation emitted cy the advancing fuel rod 
includes an Nal scintillator material (not shown) 
encompassing the inside periphery of each hole 
57. The detectors 55 are integral one with another 
in a cascaded arrangement with each hole 57 in 
line with the holes 57 in adjacent detectors 55 so 
that a transverse opening extends throughout the 
integrally arranged detectors 55. Thus, a fuel rod 
12 may be advanced unopposed through the de- 
tector holes 57 (Figures 12 and 13). 

The hole 57 in each detector 55 is somewhat 
larger in diameter than the fuel rod 12 diameter in 
order to allow a series of lead tubular sleeve seg- 
ments 58 to be placed coaxially within the trans- 
verse opening defined by the holes 57 of each 
detector 55. These sleeve segments 58 act as a 
collimating means for limiting the radiation received 
by each detector 55 to a predetermined segment 
of the nuclear fuel rod 12 passing through each 
hole 57. Each lead sleeve^ segment 58 is spaced 
approximately 0.6 cm (1/4") apart so as to define 
annular windows 60 for collimating to each detector 
55 the gamma radiation emitted by a fuel rod 12 as 
it is advanced through the detectors 55 (Figure 14). 



Each lead sleeve segment 58 is approximately 4- 
1/8 cm (1-5/8") long and has an outside diameter 
slightly less than the hole diameter and an inside 
diameter slightly greater than the fuel rod diameter. 

5 Two nylon sleeves 61a and 61b of approximately 
.75 mm (30 mil) wall thickness extend throughout 
the transverse opening de'fined by the detector 
holes 57. One of the nylon sleeves 61a is inter- 
posed between the lead sleeve segments 58 and 

10 the scintillator material so as to protect the scintil- 
lator material from scratches and other damage. 
The other nylon sleeve 61b is smaller in diameter 
and secured to the inside periphery of the lead 
sleeve segments 58 so as to form a protective 

15 layer which protects the fuel rod 12 from damage 
as it passes through each detector hole 57 and to 
lessen the internal friction in order to permit the 
easier passage of the fuel rod 12 through each 
hole 57. 

20 As a fuel rod 12 is advanced through the 
detectors 55, gamma radiation emitted from the 
advancing fuel rod 12 is collimated through the 
annular windows 60 to the scintillator material. The 
gamma radiation produces light impulses 
25 (photons) on the scintillator material which are 
transferred to the photomultiplier tut)e 62 convert- 
ing the pulses into electrical signals which are 
amplified and transmitted by leads 63 to electronic 
counting and recording apparatus, all part of the 
30 control means 14. The 185 KeV gamma radiation 
from U23» is counted for each regularly spaced- 
apart discrete segment of the fuel rod 12. The 
detectors 55 are synchronized in time to count the 
gamma radiation emission count for each segment. 
35 Thus, the same segment of the fuel rod 12 is 
scanned by each detector 55. In order to initially 
synchronize and time the detectors 55 in relation to 
the velocity of the advancing fuel rod 12. a high 
accuracy, high resolution clock (not shown) giving 
40 64,000 ticks a second is employed. 

Each detected segment of the fuel rod 12 is 
approximately .6 cm (1/4") long and the spacing 
between the segments is minimal or nonexistent. 
Because there is always some error in a precisely 
4S timed mechanical apparatus, there will be some 
overlap between adjacent segments. However, the 
contribution of the gamma radiation emitted by an 
adjacent segment is negligible since the lead 
sleeve segments 58 used to colllmate the gamma 
50 radiation are precisely spaced and the total counts 
obtained by the ten detectors 55 for each segment 
also minimize the error attributed by the readings 
obtained from the possible overlap of adjacent seg- 
ments. 

55 The counts obtained for each segment are 
summed by the control means 14 and the total 185 
KeV couni obtained. This is generally on the 
order of about 3.200 counts. From that count, the 
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^ * enrichment of each segment and an average en- 
richment for the fuel rod 12 is calculated. If the 
average enrichment for the fuel rod 12 deviates 
from a specified enrichment, the fuel rod will be 
unacceptable for its intended use and the control 
means 14 will activate sensor 53b which generates 
a signal to the tViechanical controls 24, The me- 
chanical controls 24 permit the unacceptable fuel 
rod 15 to advance a greater distance along the rod 
advancing means 21 (Figures 1 and 10). Thus, 
when the unacceptable fuel rod 12 is transferred to 
the unload table 22. acceptable fuel rod 12 will be 
separated from unacceptable fuel rods 12. There is 
an additional criterion used to prevent false rejects 
because of the natural variation of the counts for 
each segment. For a fuel rod 12 to be considered 
as unacceptable, the segment immediately adja- 
cent to the one deviating by over 7.5% must itself 
deviate by at least 5%. Since each segment mea- 
sured is approximately 0.6 cm (0.25") long, a bad 
pellet should show a deviation over two successive 
segments since a pellet is 1-1/4 cm (one-half inch) 
long. 

To prevent outside radiation influences from 
interfering with the fuel rod detecting, a radiation 
shield 64 encloses completely the detectors 55. 
(Figures 1 and 12). The shield 64 has two sets of 
doors 65a and 65b providing ready access to the 
upper and lower group of detectors 55 of the 
apparatus 10. Fuel rods 12a and 12b enter and exit 
the shield 63 through orifices 66a, 66b, 66c, and 
66d. 

To assure that the advancirig fuel rods 12a and 
12b have an adequate drive to maintain sufficient 
force entering and exiting the radiation shield 64, 
sensors 70a, 70b, 70c and 70d situated close to 
each orifice 66a-d signal pressure means 71a, 71b, 
71c and 71 d overlying the grooved rollers 44a, 
44b. 44c and 44d (positive feed rolls) to apply 
pressure onto the fuel rods 12a and 12b. Pressure 
means 71a-d consists of pneumatic cylinders 72a, 
72b, 72c and 72d and pressure rolls 73a. 73b, 73c 
and 73d which extend downward onto the fuel rods 
12a and 12b advancing along each positive feed 
roll 44a-d. In operation, when the advancing fuel 
rod 12a reaches the sensor 70a near orifice 66a, a 
signal is generated to the pneumatic cylinder 72a 
to extend the pressure roll 73a downward onto the 
fuel rod 12a. The additional pressure exerted by 
\ the pressure roll 73a onto the fuel rod 12a prevents 

slippage of the fuel rod 12a on the positive feed 
roll 44a thereby assuring an unopposed and con- 
stant advance of the fuel rod 12a through the 
radiation shield 64 and the d tectors 55. Upon 
exiting the radiation shield 64. the fuel rod 12a 
advances past the sensor 70b onto the positive 
feed roll 44b. After a timed delay the sensor 70b 
near orifice 66b signals the pn umatic cylinder 72b 



of pressure means 71b to extend the pressure roll 
73b downward onto the fuel rod I2a. The additional 
pressure exerted onto the fuel rod 12a and the 
positive feed roil 44b assures that the fuel rod I2a 

5 will have a sufficient driving force imparted by the 
positive feed roll 44b so as to advance the fuel rod 
1 2a along the rod advancing means 21 . It is to be 
understood that the lower system 10b of the ap- 
paratus 10 operates in a manner substantially simi- 

ro lar to that of the upper system 10a. 

To calibrate the entire system, a reference fuel 
rod (not shown) having known values of high, me- 
dium and low enrichments along its length is ad- 
vanced through the detectors 55 and a gamma 

75 radiation emission count to enrichment calibration 
curve is established. This data is recorded in the 
control means 14 to use as a reference for a fuel 
rod 12 having an unknown enrichment. 

20 

Claims 

1. An apparatus (10) for passively scanning the 
gamma radiation emission count of nuclear fuel 

25 contained within a nuclear fuel rod (12), character- 
ized by the combination comprising: 

(a) means (21) for advancing a fuel rod along 
a linear path of travel; 

(b) means (13) positioned along the path of 
30 travel for repeatedly detecting the natural gamma 

radiation emission count at each of a plurality of 
regularly spaced-apart discrete segments along the 
length of said fuel rod (12) as said fuel rod (12) 
advances along said linear path of travel: and 
35 (c) means (14) for summing the gamma radi- 

ation count for each segment to obtain a total 
gamma radiation emission count for each segment. 

2. The apparatus (10) as claimed in claim 1, 
characterized by calculating means (14) for deter- 

40 mining the enrichment value for each of said seg- 
ments from the total count for each segment and 
the average enrichment value for said fuel rod (12). 

3. The apparatus (10) as claimed In claims 1 or 
2, characterized in that said means (13) for repeat- 

45 ediy detecting the gamma radiation emission count 
of the advancing fuel rod (12) includes a plurality of 
linearly aligned detectors (55) each including 
means for detecting gamma radiation of a predeter- 
mined energy level. 

so 4. The apparatus (10) as claimed in claim 3. 
characterized in that each detector (55) has a hole 
(57) extending therethrough for receiving and en- 
compassing the periphery of said fuel rod (12) and 
includes tubular sleeve segment means (58) posi- 

55 tioned within said hole (57) for defining therein an 
annular window (60) for collimating the gamma 
radiation from^aid fuel rod (12) to the associated 
detector (55). 
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5. The apparatus (10) as claimed in claim 4. 
characterized In that the colllmating means (58) of 
each of said detecjtors (55) comprises a pair of 
spaced-apart sleeve segments (58) positioned co- 
axially in the associated hole (57). said sleeve 5 
segments (58) being composed of a material 
adapted to block the passage of gamma radiation 

and linearly spaced apart to define a narrow win* 
dow (60) for the passage of gamma radiation to 
said detectors (55). io 

6. The apparatus (10) as claimed In claim 4 or 
5, characterized by control means (14) operatively 
connected to each of said detectors (55) for record- 
ing the count of the detectors (55) in shifted time 
intervals corresponding to the passage of a given is 
segment of a fuel rod (12) being continuously ad- 
vanced through said holes (57) of said detectors 
(55). and for. adding the counts for each such 
segment of said fuel rod (12). 

7. The apparatus (10) as set forth in claim 3. 4, 20 
5 or 6 further characterized by means (64) enclos- 
ing said detectors (55) for shielding said detectors 

(55) from outside radiation sources. 

8. The apparatus (10) as defined in any one of 

the preceding claims, characterized by: 25 

a feed table (20) positioned adjacent the rod 
advancing means (21). said feed table (20) being 
adapted to retain a plurality of rods (12) In a side- 
by-side arrangement; and 

means (23) for individually transfening the so 
rods (12) from said feed table (20) onto said rod 
advancing means (21). 

9. The apparatus (10) as defined in claim 8. 
characterized by: 

an unloading table (22) positioned adjacent 35 
said rod advancing means (21), the detecting 
means (13) being positioned between said feed 
table (20) and said unloading table (22). and 

means (23) for individually transferring the 
rods (12) from said rod advancing means (21) onto 4o 
said unloading table (22). 

10. A method for passively scanning the gam- 
ma radiation emission count of nuclear fuel con- 
tained within a fuel rod to determine enrichment 
uniformity, characterized by the steps of: 45 

(a) advancing the fuel rod along a linear path 
of travel; 

(b) repeatedly detecting the natural gamma 
radiation emission count of the advancing rod at 
each of a plurality of regularly spaced-apart dis- so 
Crete segments along the lengtti of the advancing 

rod: 

(c) summing the output of each of the de- 
tecting steps for each segment to obtain a total 
gamma radiation emission count for each segment; 55 
and 



(d) monitoring the average enrichment value 
of the fuel rod for deviations from a specified 
enrichment value, and/or for deviations in the en- 
richment values of adjacent segments of said fuel 
rod greater than a predetermined percentage. 
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